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Storage and retrieval of microwave pulses with molecular
spin ensembles
Claudio Bonizzoni 1,2✉, Alberto Ghirri 2, Fabio Santanni 3, Matteo Atzori3,4, Lorenzo Sorace 3, Roberta Sessoli 3 and
Marco Affronte1,2
Hybrid architectures combining complementary quantum systems will be largely used in quantum technologies and the
integration of different components is one of the key issues. Thanks to their long coherence times and the easy manipulation with
microwave pulses, electron spins hold a potential for the realization of quantum memories. Here, we test diluted oxovanadium
tetraphenyl porphyrin (VO(TPP)) as a prototypical molecular spin system for the Storage/Retrieval of microwave pulses when
embedded into planar superconducting microwave resonators. We first investigate the efficiency of several pulse sequences in
addressing the spins. The Carr-Purcell and the Uhrig Dynamical Decoupling enhance the memory time up to three times with three
π pulses. We then successfully store and retrieve trains of up to 5 small pulses by using a single recovery pulse. These results
demonstrate the memory capabilities of molecular spin ensembles when embedded into quantum circuits.
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INTRODUCTION
Quantum memories are fundamental components in quantum
hardware like quantum computers, sensors or repeaters. To
perform Storage/Retrieval operations the physical system must
fulfill two conditions: (i) having a phase memory time Tm (this one
being the characteristic lifetime the hardware can sustain
coherent dynamics) long enough to allow for the survival of the
information during operation and (ii) allow for the possibility of
codifying a pulse sequence into the memory through a suitable
protocol1. Nuclear spin ensembles have been demonstrated to
work as efficient quantum memories operating at radio frequen-
cies2–4. Spin states of magnetic impurities and color centers in
silicon or diamond with long Tm
3,5,6 can be individually or
collectively addressed by combining microwave (MW) excitations
with their photoluminescent properties. In the perspective of
scalable platforms however, hybrid architectures working with a
single frequency mode allows for a simplification of the design of
the platforms. Avoiding multiple frequency conversion is also
highly desirable. Electronic spin degrees of freedom provided by
ensembles have been efficiently exploited into circuit quantum
electrodynamics (cQED) architectures including superconducting
devices and resonators7–9 fully operating at microwave frequency.
Although the use of individual (natural or artificial) spins is the
ultimate goal10 collective excitations in spin ensembles may
preserve and coherently exchange electromagnetic excitations,
and eventually quantum information, under optimal condi-
tions8,9,11,12. In this context, molecular spins have recently
emerged as a new class of quantum systems whose electronic
and nuclear spin states and their relative quantum features
(including g-factor13,14, coherence time15–17, “atomic-clock” transi-
tions13,18,19) can be extensively tailored synthetically. Different
strategies for encoding quantum information protocols into
molecular ensembles20,21 or single molecules in a spin transistor
geometry22,23 have been developed and experimentally proven.
The magnetic coupling and the integration of molecular spins into
planar resonant geometries has been extensively investigated24–27.
Moreover, the coherent coupling with MW photons has been
recently achieved using transition metal-based oxovanadium(IV)
complexes28,29, as well as organic radicals29–31 embedded into
planar resonant geometries, paving the way for the integration of
molecular spin ensembles into microwave quantum architectures.
However, optimal experimental conditions and protocols (i.e.,
pulse sequences) to address the spins and to correct intrinsic
(related to the ensemble) or extrinsic factors (such as inhomo-
geneities of resonant geometry) that may limit Tm still need to be
discovered in order to efficiently encode and exchange states of
qubits between spins and superconducting circuits.
In this work we test an oxovanadium(IV) complex, VO(TPP)
(where TPP is the tetraphenylporphyrin)32 as a prototypical
molecular spin system embedded into a planar superconducting
microwave resonator by addressing it with several MW pulse
sequences. Previous Pulsed Wave (PW) Electron Spin Resonance
(ESR) study performed with a commercial spectrometer gave a
(Hahn echo) Tm ≈ 1 μs at 4 K, with essentially no temperature
dependence between 4 and 30 K32. Rabi oscillations were
observed up to room temperature, consistent with that reported
for similar oxovanadium(IV) complexes33–35. We first measure the
phase memory time of diluted single crystal samples with the
Hahn echo sequence and we then test two dynamical decoupling
sequences: the Carr-Purcell-Meiboom-Gill (hereafter CP) sequence
and the Uhrig Dynamical Decoupling (hereafter DD) sequence.
These protocols are widely used to dynamically decouple the
spins from environmental sources of decoherence and, hence, are
expected to enhance Tm
36–39. Although the efficiency of CP and
DD sequences has been previously investigated on spin impurities
in inorganic matrices40–42 and in organic molecules43–45 (including
radicals39,46) coupled to conventional (3-dimensional) ESR cavities,
their efficiency still needs to be tested on molecular spins in
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working conditions1,21. Here we report, for the first time to the
best of our knowledge, an extensive study concerning the PW
manipulation of molecular spins embedded into planar resona-
tors. We finally demonstrate the use of VO(TPP) spin ensembles as
storage memories for trains of weak MW excitations, in which their
individual and selective control9,47–49 is achieved.
RESULTS
Experimental details
We use VO(TPP) molecular spin ensembles 2% diluted in a
diamagnetic isostructural analogue, oxotitanium tetraphenylpor-
phyrin (TiO(TPP)), both as a single crystal and as a polycrystalline
powder. The d1 electronic configuration and the square pyramidal
coordination of V(IV) provide an orbitally non-degenerate S= 1/2
ground state that is split by the hyperfine interaction with the I=
7/2 nuclear spin of the 51V ion32 (natural abundance 99.95%, see
Supplementary Section 2.2 for further details).
Transmission spectroscopy is done by placing our samples on a
superconducting coplanar resonator (ν0 ≈ 6.85 GHz) made from
superconducting YBa2Cu3O7 (YBCO) films on a Sapphire sub-
strate28,50, as depicted in Fig. 1.a. Here, the static magnetic field B0
is applied along the direction of the longitudinal axis of the
resonator (red arrow), while the sample couples to the magnetic
component of the resonant MW mode (B1), which oscillates in the
plane perpendicular to B0. The MW excitation is injected and
collected through two feed antennas placed in proximity of the
resonant strip (yellow cylinders with green arrows, see “Methods”
section and Supplementary Sections 1.2 and 1.3). The generation
of the MW pulses and the time domain acquisition is done with a
home-made heterodyne spectrometer, which is based on an
Arbitrary Waveform Generator (see “Methods” section and
Supplementary Section 1.4). A commercial Quantum Design
Physical Properties Measurement System (QD PPMS) is used to
cool-down the sample and to apply the external static magnetic
field (see Supplementary Section 1.3).
Continuous wave transmission spectroscopy
The normalized Continuous Wave (CW) transmission spectrum for
the 2% single crystal is reported in Fig. 1.b. The spectrum shows
eight lines, as expected by the presence of the hyperfine split of
the VO2+ moiety. Their spacing is consistent with the orientation
of the static field perpendicular to the V=O double bond. The
latter coincides with the z molecular axis and the c crystal-
lographic axis of the tetragonal VOTPP crystal, as evidenced by the
simulation performed with the EasySpin software51 (blue line).
Here, the spectrum is modeled assuming a Gaussian strain of the
hyperfine tensor VbA acting on a Voigtian lineshape (see “Methods”
section and Supplementary Section 2.2). We additionally test the
2% polycrystalline sample at 2 K and found that the spectrum
shows lines arising from microcrystals oriented parallel and
perpendicular to the static magnetic field, consistent with that
previously reported in refs 28,33 and observed by conventional ESR
spectroscopy32 (see Supplementary Fig. 9).
In the following we focus on the line at ∣B0∣= 0.24 T of the
crystal spectrum. The intrinsic homogeneous linewidth of the
ensemble, γhom, is related to the spin-spin (T2) and to the spin-










where γe is the electronic gyromagnetic ratio and B1 is the MW
magnetic field52. At our working temperatures (2 K) γhom is
dominated by T2
32. As for conventional ESR spectroscopy, T2 is
bound by the phase memory time, Tm≤ T2
53, which is the one
effectively measured by ESR. In turns, this gives an upper limit
γhom ≤ 1/Tm≈ 1/(1 μs)= 1 MHz (taking the values in ref.
32 and
assuming no line saturation), which is well below our measured
CW linewidth (see Supplementary Section 2.1 and Supplementary
Fig. 6). The upper limit of γhom evidences that the main line
broadening contribution in the CW spectrum is inhomogeneous,
and related to both intrinsic (sample) and extrinsic (resonator)
features (see ref. 28 for a discussion under similar experimental
conditions). The main intrinsic sources of broadening are the
dipolar spin-spin interaction, the hyperfine interaction and its
strain, and the presence of an additional unresolved super-
hyperfine interaction with Nitrogen (see Supplementary Fig. 10
and ref. 28). In the experiments carried out with superconducting
planar resonators, we expect the magnetic field distributions to be
the main extrinsic source of broadening. In particular, a non
negligible static magnetic field gradient (≈0.5 T ⋅m−1) develops
along the longitudinal axis of our resonator28,30, thus giving rise to
an inhomogeneous magnetic field around the externally applied
field B0. This implies the presence of a distribution of spin
precession frequencies, resulting in a CW line broadening and fast
spin dephasing after each single MW pulse. The inhomogeneity of
B1 also contributes to broadening: since the spins are not excited
in the same way during the application of the MW excitation, their
precession is smeared around the direction given by the nominal
pulse angle54,55.
Hahn echo sequence and Rabi oscillations
We first test standard ESR manipulations on our samples, starting
from the Hahn Echo sequence52,56 (see Supplementary Section
1.5). Fig. 1c shows the Echo-Detected Field-Sweep (EDFS)
spectrum for the 2% VO(TPP) crystal (the rescaled CW transmission
intensity is also plotted for comparison). The EDFS shows at a
glance that pulses can address all the molecular transitions
through the planar resonator. Each of them gives an echo, thus
eight resonance lines are visible at their corresponding magnetic
field values. In a similar way, the echo is found also for the
Fig. 1 Transmission Spectroscopy of 2% VOTPP crystals. a
Pictorial sketch of the coplanar resonator with a VO(TPP) crystal
on it. Green arrows represent the direction of the MW signal while
the red arrow represents the applied static magnetic field B0. Yellow
cylinders are the tunable coupling antennas. b Comparison between
the CW spectra for the VO(TPP) crystal sample (red) measured at 2 K
and its corresponding EasySpin51 simulation (blue). c Echo-Detected
Field-sweep (EDFS) spectrum acquired for a single crystal at 2 K. The
rescaled CW spectrum (gray dashed line, with offset) is added for
comparison.
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polycrystalline sample (see Supplementary Fig. 11a). We measure
the decay of the Hahn echo for different inter-pulse delays, tdelay,
and we fit it with the equation:
IðtÞ ¼ Iðt0Þe
tt0
Tmð Þx : (2)
In Eq. (2) Tm is the memory time, while x is a stretching exponent.
I(t) is the echo integral, t0 is the initial sequence time, and
t= ∑#delaytdelay+ ∑
#pulsetpulse is the total sequence time (being
tpulse the duration of each pulse).
For the 2% diluted crystal the fitted memory time is Tm= 0.97 ±
0.10 μs (with x= 1.2 ± 0.1), which is close to the one measured for
the 2% polycrystalline sample (Tm= 1.04 ± 0.10 μs). The latter is
also consistent with the one reported in ref. 32 from conventional
X-band ESR (for similar temperatures). The agreement with
conventional ESR indicates that the Hahn echo sequence
efficiently overcomes the Free Induction Decay (FID) limit and
lead us to conclude that the measured memory time essentially
results from the spin dynamics (i.e., only from intrinsic effects of
the sample)47,48. In other words, the Hahn sequence is correcting
the inhomogeneities of the static magnetic field B0
48. The
observation of the Rabi oscillations on both crystal and
polycrystalline samples, together with their characteristic linear
frequency dependence on the MW magnetic field intensity (see
Supplementary Section 2.5), further corroborates the capability to
coherently manipulate the spin ensemble with the pulsed MW
field B1 delivered through our superconducting resonator.
Dynamical decoupling sequences
Thanks to the successful manipulation achieved with the Hahn
Echo, we now extend our pulse sequences by considering two
dynamical decoupling protocols. Each sequence will be identified
as CPN (Carr-Purcell-Meiboom-Gill) or DDN (Uhrig Dynamical
Decoupling), with N the number of π pulses sent. The pulse
patterns of the two sequences are sketched in Figs. 2a and b for
the case N= 3.
The decay of the echo integral as a function of time for the
crystal at 2 K and for both CP and DD is shown in Figs. 2c and d,
respectively. In both cases the phase memory time clearly
increases with N. We fit the data of Fig. 2 with Eq. (2) (dashed
lines), leaving Tm and x as free parameters. For the CP sequences a
stretch parameter x ≈ 1.2, independent of the number of applied
pulses, is obtained as best fit parameter57,58. For the DD
sequences, the stretch exponent is found to be x ≈ 1 for all the
data set. All the obtained Tm’s are summarized in Fig. 2.e. Both
sequences progressively enhance Tm up to 3 μs, that is ≈3 times
longer with respect to the one found with the Hahn echo
sequence. The increasing trend suggests that further enhance-
ment of Tm can be expected in both sequences by applying a
larger number of pulses, even if the small echo intensity found in
our experimental conditions limits us to N= 3 (DD) or N= 4 pulses
(CP). Although similar enhancement is observed, a larger number
of π pulses (N= 4) is needed for CP with respect to DD (N= 3) to
obtain similar Tm values, suggesting that the latter control
sequences are more efficient in decoupling the spins from the
environment36,37,59.
Our results show that both CP and DD protocols can address
and correct the dephasing effects and, since a single π pulse (i.e.
the Hahn sequence) essentially corrects inhomogeneities of the
static magnetic field (see above), we can ultimately attribute the
observed phenomenology (Fig. 2e) to the intrinsic spin dynamics
of the sample. We might also argue that the different efficiency of
CP and DD sequences is due to the fact they address different
spectral portions of the environmental noise distribution36,38,42.
However, a more detailed analysis of this latter point would
require a dedicated work. Although polycrystalline samples
provide larger echo signals than single crystal ones, thus allowing
the application of longer sequences (up to N= 5), we find both
the DD and the CP protocols to be no more progressively efficient
with increasing N than the single crystal (see Supplementary
Section 2.6 and Supplementary Fig. 13).
Storage and retrieval of MW excitations
To test the viability of the VO(TPP) ensembles as storage
memories, we send a train of weak MW pulses followed by a π
pulse at 2 K and ∣B0∣= 0.24 T, as depicted in Fig. 3a (see
Supplementary Section 1.5). An increasing number of output
echos is found as the number of input pulses is increased (Fig. 3b),
and up to 3 well resolved echoes, corresponding to 3 weak input
pulses, can be detected with the single crystal under our
experimental conditions. Similar results are found also for the
powder sample, for which the larger echo signal allows the
storage and retrieval of up to 5 pulses (Fig. 4a). These observations
reflect the memory effect of the spin ensemble in the precession
of the spins9,47,48: once the MW excitations are sent (stored) into
the ensemble, the spins dephase until the refocusing π pulse is
applied. At this point the excitations are retrieved as an echo train.
In other words, the ensemble has kept trace of the initial
excitations9,47,48,60.
It is worth noting that the duration of the free spin precession
after all the excitations have been stored is tprec ≥ 2τ= 2.2 μs >Tm,
being τ= 1.1 μs the inter-pulse delay of Fig. 3a (the shortest value
between the one used for powder and crystal was used here).
Note also that the decay time of the echo train is consistent with
the intrinsic Hahn echo Tm, corroborating the fact that the
Storage/Retrieval is essentially limited by dephasing processes
within the sample and not by the resonator (see Supplementary
Fig. 16).
The larger echo signals observed on the powder sample allow
us to manipulate sequences of five pulses. For instance we
selectively turn on (1) and off (0) the second, the third and the
fourth input pulse with respect to the others and then the second
and the fourth together, as in Fig. 4b. As a consequence the
number of the output echoes changes, depending on which
pulses are switched on/off. Interestingly, this allows us to verify
that the order of the output echoes is reversed with respect to the
input excitations, as expected by the time reversal (refocusing) of
the π pulse. Similar selectivity and control on the output echoes is
observed also for the single crystal and even when the
magnetization of the ensemble is firstly rotated by an arbitrary
rotation angle (Supplementary Figs 15 and 17).
DISCUSSION
Overall, our results show viable paths for the integration of
molecular spin ensembles into hybrid quantum circuits. More
specifically we successfully apply protocols to store and retrieve
sequences of MW pulses into the molecular ensembles. Further
analysis of our results indicates that with regard to true quantum
memories there are large margins of improvement, as we are
going to discuss in the following section.
Firstly, it should be kept in mind that our experiments are
performed at 2 K, with relatively high photon numbers (nph ≈ 10
11
for π/2, π pulses and nph ≈ 10
9 for the weak ones, see
Supplementary Table 3 and Supplementary Section 2.7) and with
effective numbers of spins ≈ 1015−1016≫ nph (see Supplementary
Section 2.1). While these working conditions can be suitable for
some applications, they are still far from the typical ones required
by quantum circuits. In fact, these operate at much lower
temperatures (mK, that is two order of magnitude below) and
make use of spin excitations with much lower photon numbers
(nph ≈ 1− 100, that is several orders of magnitude lower)
9,48. Note
that the limit set by our working conditions is rather technological
than fundamental and it can be overcome with the currently
available MW and cryogenic instrumentation and techniques. For
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instance, lowering the temperature (down to ≈ tens-a hundred of
mK) will help in increasing the spin polarization. Moreover, an
increased dilution of the spins might lead to a further increase in
Tm. Finally, since the decay of the echo train is dominated by Tm,
one might wonder whether it is possible to extend the memory
capability (i.e., the number of storable echoes, see below) by
combining the Storage/Retrieval protocol with a dynamical
decoupling sequence. Based on our results on a single crystal,
this can be achieved on ordered arrays of (molecular) spins by
using a proper optimization of the pulse sequences and by
increasing the sensitivity of the set-up61. These latter improve-
ments would also help in applying sequences with larger number
of pulses.
It is also interesting to consider two figures of merit of our
molecular spin memory and to compare them with the ones
obtained in similar Storage/Retrieval experiments performed on
alternative platforms based on e.g., Nitrogen Vacancy (NV)
centers8,48 or Er3+ ions-doped inorganic crystals9. The first one is
the memory capability, i.e., the maximum number of pulses which
can be stored. This is defined as #M ¼ Tm=Tm47,48, where Tm is
the FID limit of the ensemble. By taking Tm ≈ 1 μs and T

m  120 ns
(the typical decay time of the Rabi Oscillations for the crystal, see
Supplementary Section 2.5) we get an upper limit #M ≈ 8, which is
larger than the number of echoes found in our experiments. This
is due to the weak signals measured under our experimental
conditions. Further optimization of the pick up element61 and
additional echo signal amplification would allow for implementa-
tion and use of longer pulse sequences. The second figure of merit
is the echo efficiency, which is defined as the ratio between the
energy radiated during the echo and the energy of the incoming
pulse48. An estimate for our samples gives E ≈ 4.5 ⋅ 10−5 (see
Supplementary Section 2.7). With these values in mind, it is
instructive to directly compare our results with similar experi-
ments reported in the literature. In refs 8,48 NV center spin
ensembles embedded into planar superconducting resonant
geometries (ν0 ≈ 2.88 GHz) at much lower temperature (T=
100–400mK) are used. In these cases the Storage/Retrieval
protocol is demonstrated by using 6 input pulses and by retrieving
their 6 corresponding output echoes, which is close to our
measured number of 5 echoes. In addition, a laser for the reset
of the magnetization, not needed in our case, is also used to
reduce the repetition time of the experiments. The efficiency is
Fig. 2 Dynamical decoupling sequences on 2% VOTPP crystals. Carr-Purcell-Meiboom-Gill (CP) and Uhrig Dynamical Decoupling (DD)
sequences for different numbers N of π pulses (CPN or DDN). a, b Sketches of the pulse patterns for N= 3. The relevant delays (τ; t0) used in
this work are reported (continuous or dashed black arrows, not in scale) and only the echoes of interest are shown (see Supplementary
Section 1.5). Green dashed line in a shows the decay of the echo train. c, d Echo integral as a function of time t− t0 for the decoupling
sequences (CP and DD, respectively) on the 2% VO(TPP) crystal at 2 K and ∣B0∣= 0.24 T. Dashed lines are fits based on Eq. (2). e Comparison
between the memory times obtained from the fits of the curves in c and d as a function of the number of π pulses.
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E= 2 ⋅ 10−4 (only one order of magnitude larger, despite the
different working conditions described above). In ref. 9 the
storage and retrieval protocol is demonstrated with an
ensemble of Er3+ ions-doped inorganic crystal coupled to a
copper coplanar resonator (ν0 ≈ 3.75 GHz) at a temperature of
25–50 mK. Up to 16 pulses (but with #M= 56) are retrieved and
the efficiency achieved is E= 10−4.
In summary we performed pulsed ESR manipulation of a VO
(TPP) molecular spin ensembles embedded into a planar super-
conducting geometry to test their potential viability as quantum
memories. We first demonstrate that the ensemble can be
efficiently addressed through the most common sequences of
ESR spectroscopy, such as Hahn Echo, Echo-Detected Field-Sweep
and Rabi Oscillations. We then test the efficiency of two different
dynamical decoupling sequences in preserving the memory time
of the molecular ensembles. This is found to progressively
increase on the single crystal with both CP and DD, becoming 3
times longer (with only N= 3 or N= 4 applied pulses) with respect
to the Hahn echo sequence (N= 1). The results also suggest that
further margins for improvement are possible on single crystal
samples. Finally in a proof-of-concept experiment we demonstrate
that the ensembles can be used to successfully store and retrieve
trains of up to 5 input pulses (excitations). Here, the typical figure
of merit defined for a spin memory compares well to the values
reported in the literature, despite the more limiting experimental
conditions. The individual control achievable on the excitations
further corroborates the possibility to codify information inside
the ensemble. After the acceptance of this work, we learnt about
two preprints concerning the implementation of quantum
memories on the clock-transition provided by ensembles of




The details about the synthesis of the samples, their crystal structure and
their preliminary characterization are given in ref. 32 and in the
Supplementary Section 1.1. We report here that TiO(TPP):VO(TPP) crystals
assume the shape of an octahedron with well developed (±1, ±1, ±1) faces
and dimensions of ≈1 × 1 × 1mm3. The long axis of the octaedron
corresponds to the direction of the V=O bond32. This gives some hints in
recognizing the orientation of the crystals on the resonator, since the
crystals are mounted to have the z axis of the molecular framework
perpendicular to the surface of the resonator (i.e., the V=O direction
perpendicular to the applied magnetic field B0). The polycrystalline sample
is compressed in pellets with diameter of ≈5mm and thickness
of ≈1−2mm.
Coplanar resonator
The resonant strip is 8 mm long and 600 μm wide, while the gap between
the strip and the ground planes on two sides is 800 μm. These dimensions
give a fundamental quasi-TEM (Transverse Electromagnetic) mode at ν0 ≈
6.85 GHz, with the MW field B1 almost entirely in the plane perpendicular
to the direction of the longitudinal axis of axis of the resonator (Fig. 1.a and
Supplementary Figs 1 and 2). The maximum for the MW magnetic
component is located in the middle of the resonant strip, at the position
where the sample is placed (Fig. 1.a). Additional details are reported in
Supplementary Section 1.2.
Pulsed-wave heterodyne spectrometer
The generation of the MW pulses is based on an Arbitrary Waveform
Generator (AT ARB Rider AWG-4022 by Active Technologies, hereafter
AWG). The pulsed pattern designed with the AWG at radiofrequency
(νRF= 90MHz) is first up-converted to the resonant MW frequency ν0 by
mixing it with the carrier frequency generated by a CW MW source (blue
side-band generation, see Supplementary Fig. 4). The signal is then
amplified and routed into the cryostat and to the resonator through the
input MW coaxial line. The transmitted signal from the resonator goes first
Fig. 3 Storage and retrieval of MW excitations on a 2% VOTPP
crystal. a Sketch of the pulse pattern used and of the echo train for
the case of 3 weak excitations. The delays and the amplitudes are
not in scale. b Echo trains measured for increasing number of input
pulses on 2% VO(TPP) crystal at 2 K and at ∣B0∣= 0.24 T. Vertical
dashed lines help in recognizing the echo positions.
Fig. 4 Storage and retrieval of MW excitations on a 2% VO(TPP)
polycrystalline sample. a Echo trains measured for increasing
number of input pulses. b Selective on/off of the input MW
excitations for the case of 5 input pulses. The labels show which
input pulses are on (1) or off (0). Vertical dashed lines help in
recognizing the echo positions. Data in a and b are taken at 2 K and
on the main line of the powder sample.
C. Bonizzoni et al.
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through the output MW coaxial line, it is amplified and then down-
converted back to radiofrequency with another IQ mixer. The time domain
acquisition of the signal is performed by using an oscilloscope
(Supplementary Fig. 4). The oscilloscope traces are then integrated via
software after data acquisition. The typical length of our π/2 pulses is tπ/2
= 120–150 ns, while the MW magnetic field strength is ∣B1∣ ≈ 10−5 T (see
Supplementary Section 2.5). The details of the experimental set-up and of
the pulse sequences are reported in Supplementary Sections 1.4 and 1.5,
respectively.
EasySpin simulation of VO(TPP) transmission spectra
We simulate the CW spectra of Fig. 1.b with Eq. (3), using the values
reported in ref. 32 and assuming Voigtian lineshapes (see Supplementary
Section 2.2).
HS ¼ μBS  bg  Beff þ V I  VbA  S: (3)
The superconducting nature of the resonator is taken into account by
introducing in Eq. (3) an effective static magnetic field Beff = B0+ Bmeiss.
Here, B0 is the externally applied static magnetic field and Bmeiss is an
additional screening contribution arising from the superconducting
material of the resonator (see Supplementary Section 2.2). The angle
between B0 and the molecular z axis was considered to be θ= 90
∘ ± α,
with α an adjustable tilt angle parameter taking into account the visual
misalignment of the crystal (see Supplementary Section 1.1). The best
agreement with the experimental spectrum was found for α= 8∘ (Fig. 1).
The simulation of the CW spectrum for the crystal sample reproduces both
the eight main transitions and the formally forbidden ones that are visible
in the lower field region (Fig. 1). The presence of such low intensity
transitions between states with different mI is due to the non-negligible
admixing of the ∣mS, mI > states at the applied magnetic field value (see
Supplementary Section 2.2). The simulation of the EDFS spectrum is carried
out by adding to Eq. (3) an additional super-hyperfine contribution given
by the nitrogen atoms coordinate to V in the plane perpendicular to V=O
(see Supplementary Section 2.2).
SUPPLEMENTARY INFORMATION
Supplementary information on experimental methods, as well as
additional data and discussion are reported in the on-line
Supplementary Information file.
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